Abstract: A compact inline dual-band dual-mode bandpass filter (BPF) using single-layered substrate integrated waveguide (SIW) is implemented by etching an H-shaped slot on the top surface of two adjacent rectangular cavities. The H-shaped slot consisted of two coplanar waveguide (CPW) resonators and two SIW cavities can achieve two adjustable transmission poles at the upper and lower passbands, respectively. Good lower stopband performance is inherited from SIW. Two transmission zeros can be generated by the cross coupling through the resonators which are not in resonance to obtain high isolation between passbands and sharp skirt. To validate the concept, a dual-band filter is designed and fabricated, and good agreements are obtained between measured and simulated results.
Introduction
High performance dual-band microstrip filters are very important in the development of modern wireless communication systems. Recently, they have been extensively investigated and various design methods have been proposed. Among the reported structures, there are two popular methods to realize dual-band BPFs.
One method is to adopt a single multiple-mode resonator (MMR) with controllable resonant frequencies to design the filters, such as the stepped impedance resonators and stub-loaded resonators [1] . However, the resonant frequencies of the MMR are related and dependent, so it is difficult to achieve the adjustable FBWs with dual bands simultaneously. The other method is to combine two sets of different resonators with common input and output ports [2] . And the specification of the dual passbands can be individually met.
On the other hand, it is known that the SIW-based passive components possess several advantages, including high Q-factor, low loss, low cost, and easy to be integrated with other planar circuits [3, 4, 5, 6] . The synthesis and design techniques of dual-band filters have been proposed for the first time on the basis of SIW technology [3] , with an inverter coupled resonator used to obtain dual-band operation. In [4] , both the fundamental and first higher modes in the SIW cavities are introduced to get a dual-band response. The SIW filters in [3, 4] still suffer from bulky sizes compared with their microstrip counterparts. In [5] , a miniaturized dualband filter was presented with a quadruple-folded SIW, however, the structures are relatively complicated. Another compact dual-band SIW filter in [6] was designed using the back-to-back E-shaped defected ground structure (DGS) and two-side loading scheme. But the selectivity needs to be improved, and simultaneously it is difficult to meet the specification of the dual passbands due to the impact of two E-shaped DGS.
In this letter, a novel compact inline dual-band dual-mode BPF is proposed with the structure of two single-layered SIW rectangular cavities and embedded H-shaped slot formed by two inter-coupling CPWs, as shown in Fig. 1 . The CPW is used as a resonator rather than introducing feeding or electric coupling as usual [7] . Two inter-coupling CPW resonators can create two transmission poles at the upper passband. The CPW or SIW resonators which are not resonance can generate one transmission zero by introducing cross coupling [8] . The fabricated filter achieves good skirt selectivity, high band isolation, and compact size. The substrate used herein is RT/Duroid 5880 with a thickness of 0.508 mm, permittivity of 2.2 and loss tangent of 0.0009.
Analysis and design
In [7] , an embedded H-shaped slot on the top surface of two adjacent SIW rectangular cavities mainly introduce electric coupling to build the mixed coupling. In this letter, the H-shaped slot in Fig. 1 is considered as two CPW resonators which is essentially a quarter-wavelength when resonating. And the inter-coupling between two CPW resonators is realized by the common vertical slot. The parameters of the SIW rectangular cavity and H-shaped slot are shown in Fig. 1 . The l 2 , l 3 and w 3 , w 4 denote the lengths and widths of the two same horizontal slots and vertical slot, respectively. The l 1 and w 1 þ 2w 2 denote the horizontal and vertical dimensions of the two identical rectangular SIW cavities, respectively.
The SIW cavity with the CPW resonator is a little different from the original SIW cavity, and the hybrid structure of single-layered SIW and CPW in Fig. 2 is investigated. The CPW resonator is specially arranged along with the axial direction of SIW cavity and separated by two same horizontal slots. As is known to all, if the CPW resonator is too wide, it would have a significantly interfere with the current distribution of SIW cavity. But, if the CPW resonator is very narrow, the quality factor of SIW cavity may be unacceptably low [9] . Hence, a compromise is necessary when balancing between the higher quality factor and the less interfering with the original SIW cavity. As shown in Fig. 2 , the surmise is verified after using HFSS 13. Compared with the original SIW cavity, the resonant frequency and the quality factor of the SIW cavity in hybrid structure is not obviously varied.
As shown in Fig. 1 , the proposed dual-band filter consists of two hybrid structures with 50 Ω CPW (length: lp1+lp2 and width: wp) as its I/O. Fig. 3 illustrates the coupling schemes of the dual-band filter for the lower and upper passbands. The R1 and R2 stand for two SIW resonators, and R3 and R4 express two CPW resonators. The R3, R4 in Fig. 3(a) are seen as non-resonating node (NRN) when the R1, R2 resonating [8] . On the contrary, the R1, R2 in Fig. 3(b) are seen as NRN when the R3, R4 resonating. Here, two NRNs are used to connect the source and load to get indirect cross-coupling in such dual-band dual-mode filter.
The frequency response of the filter is simulated under the weak coupling case (l p1 ¼ 0:3 mm, l p2 ¼ 1 mm, w p ¼ 0:3 mm). The front four resonant frequencies f m1 , f m2 , f m3 , f m4 and two transmission zeros f z1 , f z2 with varied the main parameters ðw 3 ; g 1 ; w 4 Þ are separately presented with other two fixed parameters. Through the explanation in [7, 10] , the total cross-coupling is negative (electric coupling) and one transmission zero f z1 can be obtained due to the mixed coupling. The transmission zero f z2 can be generated due to the cross coupling formed by the NRNs in Fig. 3(b) .
As shown in Fig. 4(a) , the front four resonant frequencies slightly shift downwards and transmission zero f z2 remains stationary, as the w 3 increased. But the f z1 gradually moves towards f m2 with the strengthening of electric coupling [10] . It can be seen from the Fig. 4(b) and (c) that the couplings of the lower and upper passbands can be independently adjusted by the coupling parameters g 1 and w 1 , respectively. The corresponding coupling coefficients of both passbands become smaller, as the w 1 and g 1 increases. At the same time, the f z1 moves downwards and the f z2 shifts upwards.
Thus, the center frequencies of two passbands can be determined by the dimensions of the SIW cavity and CPW resonator, the bandwidths and the locations of transmission zero are adjusted to satisfy the design specification by simply varying the parameters w 3 , w 4 and g 1 . After studying the characteristics of the dualband dual-mode filter, a filter prototype with FBWs of 10% at 5.2 GHz and 9% at 7.0 GHz is designed, and the simulated S-parameters are given in Fig. 5 . Compared with the weak coupling case, it is found that two transmission zeros f z1 , f z2 remain stationary, whereas the center frequencies of both passbands shift downwards. The final parameters are optimized and given in Fig. 5 . 
Simulation and measurement
The dual-band dual-mode filter is fabricated on the Duroid 5880 substrate and its photograph is shown in Fig. 6 . The performance is measured by Agilent network analyzer N5230C. The measured frequency responses are shown in Fig. 7 , and show good agreement with the simulated results. For the 5.2 GHz band, the insertion loss is 1.5 dB with a 3 dB FBW of 9.81%. For the 7.0 GHz band, the insertion loss is 2.0 dB with FBW of 8.56%. The return losses are better than 14 dB in both passbands. The lower stopband with more than 20 dB attenuation extends to 4.8 GHz. Two transmission zeros fz1, fz2 are located at 6.57 GHz and 7.89 GHz with an attenuation level of less than −40 dB, resulting in sharp skirt and high isolation between both passbands.
Conclusion
In this letter, a compact inline dual-band dual-mode filter is proposed with the hybrid structure of single-layered SIW and CPW. The CPW here is used as a resonator to obtain the upper passband. Under such circumstances, the dual-band dual-mode filter occupies similar area in comparison with conventional two-pole SIW counterparts. The indirect cross-coupling between the source and load is introduced by the NRN to create two transmission zeros, resulting in sharp skirt and high isolation between both passbands. Finally, a dual-band filter prototype at 5.2/7.0 GHz is designed, and the measured results validate the validity of the proposed configuration.
